In the framework of the EU genome-sequencing programmes, the complete DNA sequence of the yeast Saccharomyces cerevisiae chromosome II (807 188 bp) has been determined. At present, this is the largest eukaryotic chromosome entirely sequenced. A total of 410 open reading frames (ORFs) were identified, covering 72% of the sequence. Similarity searches revealed that 124 ORFs (30%) correspond to genes of known function, 51 ORFs (12.5%) appear to be homologues of genes whose functions are known, 52 others (12.5%) have homologues the functions of which are not well defined and another 33 of the novel putative genes (8%) exhibit a degree of similarity which is insufficient to confidently assign function. Of the genes on chromosome II, 37-45% are thus of unpredicted function. Among the novel putative genes, we found several that are related to genes that perform differentiated functions in multicellular organisms or are involved in malignancy. In addition to a compact arrangement of potential protein coding sequences, the analysis of this chromosome confirmed general
Introduction
The current genome projects endeavour to decipher the genetic information of a number of organisms by establishing detailed maps and finally complete sequences of their genomes. With the present level of sequencing methodology, early efforts at genome sequencing have been concentrated on organisms with less complex genomes. In this context, model organisms like bacteria (Kunst and Devine, 1991; Daniels et al., 1992; Honore et al., 1993) or organisms with genomes of intermediate sizes such as Caenorhabditis elegans (Wilson et al., 1994) or Arabidopsis thaliana (Meyerowitz and Pruitt, 1985) assume great importance as experimental systems. Among all eukaryotic model organisms, Saccharomyces cerevisiae combines several advantages: (i) this yeast has a genome size of only 13.5 Mb, i.e. 220 times smaller than that of the human genome; (ii) the yeast system is tractable to powerful genetic techniques; and (iii) functions in yeast have been studied in great detail biochemically. Based on present data, one can calculate that a repertoire of 6500-7000 genes is sufficient to build this simple eukaryotic cell. Considering recent progress and worldwide studies of yeast genome sequencing (Vassarotti and Goffeau, 1992; , we can be confident of deciphering its genetic potential within a reasonable time period and with relatively limited effort.
Since a large variety of examples provide evidence that substantial cellular functions are highly conserved from yeast to mammals, and that corresponding genes can often complement each other, the wealth of sequence information obtained in yeast will be extremely useful as a reference against which sequences of human, animal or plant genes may be compared. Moreover (Oliver et al., 1992) . For the past 3 years our consortium has turned its efforts to the sequencing of yeast chromosomes XI and II and will continue to contribute to the sequencing of the yeast genome. The sequence of chromosome XI, the second eukaryotic chromosome entirely sequenced, has been published recently . We (Stucka, 1992) , and by chromosomal walking, a set of overlapping cosmid clones for chromosome II from strain aS288C was generated. These cosmids then served to construct the physical map using the restriction enzymes BamHI, Sall, XhoI and XbaI (average resolution -2 kb).
Clones were distributed between the collaborating laboratories according to a scheme to be presented elsewhere (H.Feldmann et al., manuscript in preparation). Assembly and interpretation of the sequence followed the same principles as those applied for chromosome XI . Telomeres were physically mapped relative to the terminal-most cosmid inserts using the I-SceI chromosome fragmentation procedure described by Thierry and Dujon (1992) . From this analysis it follows that the right telomere is completely contained in the sequence presented here. This sequence was determined from a specific plasmid clone (pEL19B2) obtained by Fig. 1 . Saccharormyces cerevisiae chromosome II map as deduced from the complete sequence. The map is drawn to scale from the sequence and coordinates (top line) are in kb. The genetic elements on the two strands are shown as coloured bars. The top strand (designated 'Watson' strand) is oriented 5' to 3' from left to right. The sequence has been interpreted using the principles detailed in Materials and methods. This procedure identified 410 ORFs (blue and purple boxes), which have been numbered in increasing order from the centromere and designated L for the left arm and R for the right arm (note that the database entries will use a more complex nomenclature, namely YBL for ORFs on the left arm and YBR for ORFs on the right arm, followed by a w/c suffix indicating their location on the Watson-Crick coding strand; see also 'telomere trap cloning' and was shown to overlap the right-most cosmid by some 12 kb. At its left end, the sequence presented here starts with a telomere consensus sequence contained in the left-most cosmid. According to our physical mapping data, chromosome II extends some 7 kb beyond this telomere consensus. A detailed analysis of yeast telomeres indicated that chromosome II carries an additional 5.2 kb Y' element beyond the left telomere consensus sequence , which is in full agreement with the mapping data. During sequence assembly, quality controls were performed following the same principles as applied in sequencing yeast chromosome XI ; see Materials and methods). We are confident, therefore, that a level of 99.97% accuracy has been achieved. Partial sequences of chromosome II have been published independently by the authors of this work (Delaveau et al., 1992 (Delaveau et al., , 1994 Skala et al., 1992 Skala et al., , 1994 Van Dyck et al., 1992 Baur et al., 1993; Bussereau et al., 1993; Demolis et al., 1993 Demolis et al., , 1994 Doignon et al., 1993a,b; Miosga and Zimmermann, 1993; Schaaff-Gerstenschlager et al., 1993a ,b, 1994 Scherens et al., 1993; Becam et al., 1994; De Wergifosse et al., 1994; Holmstr0m et al., 1994; Logghe et al., 1994; Mallet et al., 1994; Mannhaupt et al., 1994; Nasr et al., 1994a,b; Ramezani Rad et al., 1994; Smits et al., 1994; van der Aart et al., 1994; Wolfe and Lohan, 1994; Zagulski et al., 1994 In the analysis of chromosome XI , each ORF was evaluated using the codon adaptation index (CAI; Sharp and Li, 1987) and ORF sizes as criteria: ORFs that were both <150 codons in length and had a CAI <0.110 were considered as 'questionable'. If the same criteria are applied to chromosome II, 38 ORFs fall into this category; of these, 21 also belong to the set of partially overlapping ORFs. These criteria, however, can be used only as a guideline rather than a strict rule; in chromosome II, three genes of known function are <150 codons in length and have CAI values between 0.091 and 0.067. If we exclude from the list of 410 predicted chromosome II ORFs 21 of the partially overlapping ORFs and the residual 17 out of the 'questionable' ORFs, we arrive at a total number of 372 ORFs that might correspond to real genes. Necessarily, this estimate remains uncertain until the number of expressed genes in chromosome II has been determined by experimental methods.
A total of 13 tRNA genes, one of them containing an intron, have been identified on chromosome II. Among these is one copy of the tandemly arranged pairs of tRNA(Arg)-tRNA(Asp) genes. As anticipated (e.g. Hauber et al., 1988; Ji et al., 1993) (Oliver et al., 1992) and XI . Table I lists the known genes plus all those ORFs which are considered to be homologues of gene products from yeast or other organisms whose functions are known or whose functions can be predicted from similarity scores and protein signatures.
We have analysed the chromosome II ORFs by using the ALOM algorithm (Klein et al., 1985) to predict putative membrane spans. A total of 142 ORFs (disregarding 21 'questionable' ORFs from the partially overlapping pairs) were found to contain from one to 14 potential membrane transversions (one ORF even showed 21 such spans). These results were confirmed by visual inspection of hydropathy plots of the ORFs in question. Thus, we arrive at an estimate that some 38% of the 'real' genes in chromosome II may code for transmembrane proteins. A similarly high figure has already been found with chromosome III (Goffeau et al., 1993a,b) . Preliminary data obtained from other systematically sequenced yeast chromosomes suggest that this may apply as a general rule in yeast (A. Goffeau, personal communication) . Even though the algorithm may give a somewhat high estimate, possibly a third of the yeast proteins have to be considered to be associated with membrane structures. We also examined chromosome II ORFs for the occurrence of putative mitochondrial target signal sequences. A rough estimate is that 8-10% of the proteins may be designed for mitochondrial import. Details of these analyses will 5798 Yeast chromosome 11 (Figure 2A ), whereas the base composition of ORFs shows a significant excess of homopurine pairs on the coding strand ( Figure 2B ).
These data are also similar to those obtained for chromosome XI . Contrary to what has been observed in chromosomes III and XI, chromosome II shows a significant bias of coding capacity between the two strands (Table III) . Whereas in the two other chromosomes the coding capacity is nearly symmetrical on the two strands, in chromosome lI the coding capacity on the 'Crick' strand exceeds that of the 'Watson' strand by 33%. This bias remains virtually unchanged when the 'questionable' ORFs are excluded from the calculations. At present, the significance of this phenomenon is not known; more detailed analyses, e.g. of biased codon usage in the two strands from chromosome II and others, may give further clues. For the putative membrane proteins, the same asymmetrical distribution of ORFs is observed as for the rest of the ORFs. Remarkably, the 'membrane' ORFs appear to occur in clusters on chromosome II and occupy 46.5% of the total coding capacity.
Regional variations of base composition with similar amplitudes were noted along chromosomes III (Sharp and Lloyd, 1993) and XI , with major GCrich peaks in each arm. The analysis of chromosome XI revealed an almost regular periodicity of the GC content, with a succession of GC-rich and GC-poor segments of -50 kb each; a further interesting observation was that the compositional periodicity correlated with local gene density. Profiles obtained from a similar analysis of chromosome II again show these phenomena ( Figure  3 ). GC-poor peaks coinciding with relatively low gene densities are located at the centromere (around coordinate 230) and at both sides of the centromere with a periodicity of -110 kb. These minima are more pronounced around coordinates 120, 340 and 560, while they are less so at coordinates 450 and 670. Remarkably, most of the tRNA genes reside in GC-poor 'valleys' and the Ty elements eventually became integrated into these regions. We have also analysed chromosome II for the occurrence of simple repeats, potential ARS elements and putative regulatory signals. Some of the results will be discussed below and a detailed evaluation will be presented elsewhere (H.Feldmann et al., manuscript in preparation).
Comparison of the physical and genetic maps The genetic map of S.cerevisiae (Mortimer et al., 1992) assigned 92 genes or markers to chromosome II; 71 were located on a linear array and 21 remained unmapped. Figure 4 shows a comparison of this map with the physical map deduced from the complete sequence. In all, 42 of the mapped genes and 11 of the unmapped genes could be unambiguously assigned to an ORF or a tRNA gene of the present sequence on the basis of previous partial sequence data, use of probes or gene function; the assignment of four genes remains tentative. Thus, a total of 35 genes or markers remains unassigned on the physical map of chromosome II at present. These include several genes [pet9 (= AACI); pdr7 (= pdr4); RNA14; rpcl9] whose sequences are known but which do not appear in chromosome II of strain aS288C. This is also true for the MEL], SUC3 and MGL2 genes. CDC25 had been mapped to chromosome II erroneously but has been located to chromosome XII (Johnson et al., 1987 continued successfully with chromosomes XI and II. In the two latter cases, cosmid libraries and fine-resolution physical maps of the respective chromosomes from the same unique strain were first constructed to facilitate sequencing and assembly of the sequences. It should be noted that, by convention, in all laboratories engaged in sequencing the yeast genome, the strain xS288C, or isogenic derivatives thereof, were chosen as the source of DNA because they have been fairly well characterized and employed in many genetic analyses. For cosmid cloning of chromosome II DNA, we employed a vector which carries a yeast marker and therefore can be used in direct complementation experiments . Furthermore, these cosmid clones turned out to be stable for many years under usual storage conditions. Like chromosome XI, the physical map of chromosome II has been constructed without reference to the genetic map and has been confirmed by the final sequence.
The comparison of the physical and genetic maps of chromosome II (Figure 4) shows that most of the linkages have been established to give the correct gene order; however, in many cases the relative distances derived from genetic mapping are rather imprecise. The obvious imprecisions of the genetic map may be due to the fact that different yeast strains have been used to establish the linkages. It is possible that some strains employed in genetic mapping experiments show inversions or translocations which then might contribute to discrepancies between physical and genetic maps, as considered in the case of chromosome XI. However, a more wide-spread phenomenon that may lead to imprecisions in the genetic maps are strain polymorphisms caused by the Ty elements. Detailed information on strain differences resulting from Ty insertions and/or deletions is available for chromosome II, where we can compare the complete Ty patterns from strains aS288C and C836, and local patterns from two other strains, YNN13 and M1417-c (Stucka, 1992) . In cxS288C, a Ty2 element is associated with the tRNAPhe gene (coordinate -24), while it is absent in C836 at this position; instead, a Ty2 has been inserted into a 'solo' 6 sequence near the tRNAILeU4 gene (coordinate -3.6). The Ty1 element next to IPPI (coordinate -25 1) is missing in C836, whereas a Ty3 element is found at the equivalent position in YNN13. In C836, the tRNAcYs and tRNAGlu3 genes bracket a Tyl element, which is absent at this location (coordinate -638) in axS288C; in M1417-c, the Tyl element and the t sequence, the LTR of a Ty4 element, are missing. It may be noted that the sequences around the elements are well conserved among all these strains. Many more examples of this kind can be found in the literature. Altogether, this reveals a substantial plasticity of the yeast genome around tRNA gene loci which appear to be the preferred target sites for Ty transpositions (e.g. Hauber et al., 1988; Feldmann, 1988) . Experimentally, this latter phenomenon has been proven for yeast chromosome III (Ji et al., 1993) . Since these regions do not 5804 Yeast chromosome 11 Physical map DUT1, NOV1*, pho83*, SNF5, STA2*, tRNA(ser2), tRNA(asp), aar2, cnal*(= cmpl), fus3, misl, poI30, rebl, ribi?, rib7?, RNA14-, rpb5, rpc19*, tecl, vpsl5 Fig. 4 . Comparison of the genetic and physical maps of yeast chromosome II. The genetic map (lower part; 71 mapped genes or markers) is redrawn from Genetic and Physical Maps of Saccharomyces cerevisae (edition 11; Mortimer et al., 1992) . The unmapped genes are listed beneath. The physical map (upper part) derived from the complete sequence of chromosome II has been drawn to the same scale. The circle indicates the position of the centromere. Genes or markers for which no ORF or RNA gene has been assigned on the physical map as yet are indicated by an asterisk; the assignation of genes marked by '?' is only tentative. Numerous other genes described in this work were not assigned previously to a chromosome (compare Figure 1 and Table I ).
contain any special DNA sequences, the region-specific integration of the Ty elements may be due to specific interactions of the Ty integrase(s) with the transcriptional complexes formed over the intragenic promoter'elements of the tRNA genes or triggered by positioned nucleosomes in the 5' flanking regions of the tRNA genes (Feldmann, 1988; Ji et al., 1993) . In any case, the Ty integration machinery can detect regions of the genome that may represent 'safe havens' for insertion, thus guaranteeing survival of both the host and the retroelement.
About two thirds of the genes or markers mapped to chromosome II could be assigned to an ORF or an RNA gene on the basis of previous sequence data, the use of probes or gene function. At present, 35 genes or markers remain unassigned. Further assignments must await the correlation of our sequence data and new information that will become available in the literature. Three genes mapped on chromosome II, MEL], SUC3 and MGL2, are absent from the strain aS288C. MEL and SUC genes, which are involved in carbohydrate metabolism, have been found previously as subtelomeric repeats in several yeast strains. The presence of multiple gene copies could be attributed to selective pressure induced by human domestication, but it appears that they are largely dispensable in laboratory strains (such as aS288C) which are no longer used in fermentation processes. A comparison at the molecular level of aS288C with brewer's yeast strain C836 clearly shows that the SUC genes are present on chromosome II of the latter strain (Stucka, 1992) . Non-homologous recombination processes may account for the duplication of these and other genes residing in subtelomeric regions (Michels et al., 1992) , reflecting the dynamic structure of yeast telomeres in general . Altogether, the experience gained from the yeast chromosomes sequenced so far shows that genetic maps provide valuable information but that in some cases they may be misleading. Therefore, independent physical mapping and eventual determination of the complete sequences is needed to unambiguously delineate all genes along chromosomes.
At the same time, the differences found between various yeast strains demonstrate the need to use one particular strain as a reference system.
As observed in chromosome XI , the compositional periodicity in chromosome II correlates with local gene density, as is the case in more complex genomes in which isochores of composition are, however, much larger (Bernardi, 1993) . Although the fairly periodic variation of base composition is now evident for the three sequenced yeast chromosomes, its significance remains unclear. Several explanations for the compositional distribution and the location-dependent organization of individual genes have been offered (Bernardi, 1993; Dujon et al., 1994) , some of which could be tested experimentally. For example, transcription mapping of a whole chromosome could give a clue as to whether such rules influence the expression of genes. Furthermore, long-range determination of DNase I-sensitive sites may be used to find a possible correlation between compositional periodicity and chromatin structure along a yeast chromosome. Similarly, knowledge of the sequence provides a basis to search for potential ARS elements, thus enabling functional replication origins to be sorted out experimentally. In Figure 3 we have listed the location of 36 ARS elements which completely conform to the 11 bp degenerate consensus sequence (Newlon, 1988; van Houten and Newlon, 1990) . Several of these were found associated at their 3' extensions with imperfect (one to two mismatches) parallel and/or antiparallel ARS sequences or putative ABF1 binding sites, reminiscent of the elements reported to be critical for replication origins (Bell and Stillman, 1992; Marahrens and Stillman, 1992) . Remarkably, these patterns are found within the GC valleys, suggesting that functional replication origins might preferably be located in AT-rich regions. A similar correlation is apparent from an analysis of chromosome XI (data not shown) and, more convincingly, when the distribution of functional replication origins mapped in 200 kb of chromosome III (Dershowitz and Newlon, 1993 ) is compared with the GC profiles of 5805 H.Feldmann et al. this chromosome (Sharp and Lloyd, 1993 ). The spacing of -100-110 kb of the AT-rich regions is compelling, because this is also the observed spacing between active origins (for a review see Fangman and Brewer, 1992) . Of course, functional ARS elements have yet to be defined for chromosomes II and XI, and also for the remainder of chromosome III. In this context, it would be interesting to see whether the putative origins of replication and the chromosomal centromeres in chromosomes II and XI might maintain specific interactions with the yeast nuclear scaffold (Amati and Gasser, 1988) . It is not surprising that ARS elements possibly functioning as replication origins occur next to the histone genes in chromosome II (located at both sides of the centromere), but it is puzzling that the majority of the tRNA genes are flanked by such ARS elements. In all of the yeast chromosomes sequenced thus far, ARS elements located in the subtelomeric regions are closely associated with specific sites for origin binding factors (Eisenberg et al., 1988; Estes et al., 1992) .
A comparison of the telomere regions of chromosome II with those of chromosomes III and XI ( Figure 5 ) revealed the characteristic subtelomeric structures ('tel') found in all yeast chromosomes . As inferred from our mapping data and the detailed analysis of the yeast telomeres , chromosome II carries an additional 5.2 kb Y' element at its left end; because of its particular structure, this element from chromosome II could not be cloned as yet. There are two Y' classes, 5.2 and 6.7 kb in length, both of which include an ORF for a putative RNA helicase of as yet unknown function. Y's show a high degree of conservation but vary among different strains, as well as within a single strain, with respect to their presence (Louis and Haber, 1992; Louis et al., 1994) . Experiments with the esti (ever shortening telomeres) mutants, in which telomeric repeats are progressively lost, have shown that the senescence of these mutants can be rescued by a dramatic proliferation of Y' elements (Lundblad and Blackburn, 1993) . Several additional functions have been suggested for these elements (for a review see Palladino and Gasser, 1994) , such as extension of telomere-induced heterochromatin, protection of nearby unique sequences from its effects or a role in the positioning of chromosomes in the nucleus. Chromosome II might then offer an experimental system to address the functional significance of a particular Y' element.
A comparison of the termini of chromosome II with those of chromosomes III and XI revealed that our chromosome II sequence not only extends into genuine telomere regions but that these three chromosomes share extended similarities in their subtelomeric regions by the occurrence of repetitious sequences of different types. While segments b and c ( Figure 5 ) represent interchromosomal subtelomeric duplications , an -800 bp sequence ( Figure 5 , segment a) is found as an inverted duplication near both termini of chromosome II. These duplicated regions contain ORFs, the putative products of which exhibit high similarity; but their functions remain unclear because no homologues of known function can be found in the databases.
A survey of previous sequence data and sequences obtained in the yeast sequencing programme suggests that there is a considerable degree of internal genetic redundancy in the yeast genome (Thierry and Dujon, 1992 (Hohn and Hinnen, 1980) , was used for cosmid cloning throughout. Cosmids were propagated in Escherichia coli strains A490 and HBIOI. pAFIOI is a plasmid carrying the URA3 marker and the I-SceI site (Thierry et al., 1990 ). pEL61, a vector derived from pGEM-3Zf(-) by the insertion of a (GI-3T)300 repeat sequence and carrying URA3 as a selective marker, was used for telomere cloning. Standard procedures were used in recombinant DNA techniques (Sambrook et al., 1989 (Hauber et al., 1988; Nelbock, 1988; Stucka, 1992) , total DNA from aS288C was submitted to partial digestion with Sau3A, sizefractionated fragments cloned into the vector pYc3O3O, DNA samples packaged in vitro into lambda particles and Ecoli A490 transfected with these. From a total of 200 000 clones, 3000 (about seven genome equivalents) were individually amplified and kept as an ordered cosmid library. DNA samples prepared from these clones were transferred to gridded filters and used for hybridizations (Stucka, 1992 Figure 1) (Steinberg et al., 1993;  retrieved from the EMBL ftp server). All sequences submitted by collaborating laboratories to the MIPS data library were subjected to quality controls similar to those performed in the work on chromosome XI Searches for similarity of proteins to entries in the databanks were performed by FastA (Pearson and Lipman, 1988) , BlastX (Altschul et al., 1990) and FLASH (Califano and Rigoutsos, 1993) , in combination with the Protein Sequence Database of PIR International (release 41) and other public databases. Protein signatures were detected using the PROSITE dictionary (release 11.1; Bairoch, 1989) . ORFs were considered to be homologues or to have probable functions when the 5807 alignments from FastA searches showed significant similarity and/or protein signatures were apparent; at this stage of analysis, FastA scores < 150 were considered insufficient to confidently assign function. Compositional analyses of the chromosome (base composition; nucleotide pattern frequencies, GC profiles; ORF distribution profiles, etc.) were performed using the XlI program package (C.Marck, unpublished results). For calculations of CAI and GC content of ORFs, the algorithm CODONS (Lloyd and Sharp, 1992) was used. Comparisons of chromosome II sequence with databank entries (EMBL databank, release 39; GenBank, release 83) were based on a new algorithm developed at MIPS by K.Heumann.
